Introduction {#sec1-0300060520903209}
============

The clinical value of noninvasive ventilation (NIV) in the form of continuous positive airway pressure (CPAP) for patients with acute respiratory failure has been increasingly affirmed, especially for patients with acute respiratory distress syndrome, pulmonary interstitial fibrosis, immune dysfunction, and similar disorders.^[@bibr1-0300060520903209][@bibr2-0300060520903209]--[@bibr3-0300060520903209]^ Because of its unique structure, a helmet device is associated with a lower incidence of noninvasive positive-pressure ventilation (NIPPV)-related complications than is a normal mask, providing significant advantages.^[@bibr4-0300060520903209][@bibr5-0300060520903209][@bibr6-0300060520903209]--[@bibr7-0300060520903209]^ However, noninvasive mechanical ventilation with a helmet may lead to carbon dioxide (CO~2~) retention and hypercarbia.^[@bibr8-0300060520903209]^ Because of the limitations of studies performed by different research groups and the small sample size of single-centre studies, the present review and meta-analysis was performed to analyse the results of using a helmet for critically ill patients with respiratory failure. In terms of conventional oxygen therapy, ordinary mask NIPPV and routine nasal catheters are commonly used in patients with severe hypoxaemia. To improve the statistical efficiency of the analysis and reduce the heterogeneity among the study population, this investigation was conducted as a systematic review and meta-analysis of randomized controlled trials (RCTs) comparing a helmet and conventional oxygen therapy to objectively evaluate the clinical efficacy of a helmet for critically ill patients with respiratory failure.

Materials and methods {#sec2-0300060520903209}
=====================

Search strategy {#sec3-0300060520903209}
---------------

Two investigators independently searched PubMed, Elsevier and Cochrane (Central) for clinical RCTs of critically ill patients receiving helmet oxygen therapy and conventional oxygen therapy. A literature search from 1 January 1995 to 31 December 2018 was carried out using the following search keywords and terms: ("respiratory failure" or "hypoxemic respiratory failure" or "hypoxemic respiratory distress" or "ARF" or "AHRF") and ("nippv" or "bipap" or "cpap" or "niv" or "nipsv" or "noninvasive positive pressure ventilation" or "non invasive positive pressure ventilation" or "noninvasive ventilation" or "non invasive ventilation" or "bilevel positive airway pressure" or "continuous positive airway pressure" or "noninvasive pressure support ventilation" or "non invasive pressure support ventilation" or "mask ventilation" or "helmet ventilation" or "oxygen therapy"). The search was limited to published studies and, with reference to the literature, was based on the authors' request for the full text and the original data.

Data screening and extraction {#sec4-0300060520903209}
-----------------------------

Citation titles and abstracts were independently screened by two reviewers (T.Y. and T.W.). All potentially eligible papers were retrieved in full. The references of all retrieved articles were examined to identify additional potentially eligible studies. The trial characteristics and outcomes were independently recorded by the two reviewers using a predesigned data abstraction form. In cases of disagreement, all the authors jointly reviewed the article in question until a consensus was reached. Any duplicate papers were identified and excluded from the meta-analysis. The literature inclusion criteria were as follows: (1) study type: group design RCT; (2) study population: severely ill patients being treated in the intensive care unit; (3) intervention measures: the experimental group used helmet-based ventilation and the control group used mask ventilation or conventional oxygen therapy, and a clear description of the specific oxygen therapy was provided; and (4) outcome measures: oxygenation index, partial pressure of CO~2~ (PaCO~2~), rate of requirement of tracheal intubation, incidence of complications, and mortality rate. If the information provided in the article was not complete, contact with the original author was made to supplement the data; if the necessary amount of original data could not be obtained, the study was excluded.

Grading the evidence {#sec5-0300060520903209}
--------------------

We evaluated the quality of the trials by applying the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) (GRADEpro GDT 2016; <https://gradepro.org/>).^[@bibr9-0300060520903209]^ This system grades the quality of studies as high, moderate, low, or very low based on the quality of design, limitations, inconsistencies, indirectness, imprecision, and possible publication bias. Two investigators (T.Y. and T.W.) independently evaluated the studies, abstracted the data on methods and outcomes, and assessed the risk of bias.

Endpoints {#sec6-0300060520903209}
---------

The primary endpoint was to determine the potentially beneficial role of noninvasive mechanical ventilation with a helmet in terms of mortality in critically ill patients with respiratory failure; the cut-off points for mortality as defined within each study were used in the meta-analysis. The secondary endpoints were whether the helmet improved the oxygenation index, PaCO~2~, and the need for tracheal intubation in patients with respiratory failure. We also examined whether differences in complications existed among patients with a helmet versus standard oxygen therapy or a mask.

Statistical analyses {#sec7-0300060520903209}
--------------------

Data related to the oxygenation index, PaCO~2~, need for tracheal intubation, incidence of complications, and mortality rate in the overall population as well as in the in-hospital and pre-hospital subgroups were extracted, and a consecutive analysis for subgroups was performed (filtered according to the analysed variable). For dichotomous outcomes, risk ratios (RRs) with 95% confidence intervals (CIs) were used to represent the effects of helmet use on different outcomes. An RR of \<1 favoured the use of a therapeutic helmet. Data were pooled only when adequate clinical and methodological similarities were present between the studies. The homogeneity assumption was assessed using the I^2^ value, which describes the percentage of total variation across studies that is due to heterogeneity rather than chance. I^2^ was computed as I^2^ = 100% × (Q − df)/Q, where Q is the Cochrane heterogeneity statistic and df represents the degrees of freedom. A value of 0% indicated no observed heterogeneity, and larger values were indicative of increasing heterogeneity. Between-study heterogeneity was assessed with the I^2^ test using P \< 0.1 as the threshold for statistical significance.^[@bibr10-0300060520903209]^ Publication bias was estimated using a funnel plot. Parametric variables are presented as mean ± standard deviation, and nonparametric variables are presented as median and interquartile range. Statistical analyses were conducted using Review Manager software, version 5.3 (Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark). A P-value of \<0.05 was considered to indicate statistical significance.

Results {#sec8-0300060520903209}
=======

A flowchart of the study selection process is shown in [Figure 1](#fig1-0300060520903209){ref-type="fig"}. Ten studies met the conditions for inclusion in the meta-analysis.^[@bibr8-0300060520903209],[@bibr11-0300060520903209][@bibr12-0300060520903209][@bibr13-0300060520903209][@bibr14-0300060520903209][@bibr15-0300060520903209][@bibr16-0300060520903209][@bibr17-0300060520903209][@bibr18-0300060520903209]--[@bibr19-0300060520903209]^ These studies were published from 2005 to 2016 and included 708 patients (355 in the helmet group and 353 in the control group). The characteristics of the studies are shown in [Figure 2](#fig2-0300060520903209){ref-type="fig"}.

![Flow diagram of the selection of studies for the meta-analysis. RCT, randomized controlled trial.](10.1177_0300060520903209-fig1){#fig1-0300060520903209}

![Characteristics of the included studies examining the efficacy of a helmet versus standard oxygen therapy or a mask in patients with respiratory failure.](10.1177_0300060520903209-fig2){#fig2-0300060520903209}

Outcomes {#sec9-0300060520903209}
--------

### Helmet and oxygenation index outcomes {#sec10-0300060520903209}

Five studies^[@bibr8-0300060520903209],[@bibr12-0300060520903209],[@bibr15-0300060520903209],[@bibr16-0300060520903209],[@bibr19-0300060520903209]^ compared the effects of each therapy on the oxygenation index. Significant heterogeneity was present (I^2^ = 96%, P \< 0.0001), and a random-effects model was used to analyse the results. As shown in [Figure 3](#fig3-0300060520903209){ref-type="fig"}, use of a helmet did not have a significant effect on the oxygenation index \[weighted mean difference (WMD), 49.24; 95% CI, −9.92 to 108.40\] when the control group received standard oxygen therapy or mask ventilation. The effects of a helmet and standard oxygen therapy on the oxygenation index were compared in three studies.^[@bibr12-0300060520903209],[@bibr16-0300060520903209],[@bibr19-0300060520903209]^ The results of this analysis showed that use of a helmet did not have a significant effect on the oxygenation index compared with use of standard oxygen therapy (WMD, 51.69; 95% CI, −50.41 to 153.80). The other two studies^[@bibr8-0300060520903209],[@bibr15-0300060520903209]^ compared the effects of helmet and mask ventilation on the oxygenation index. The results showed that use of a helmet did not have a significant effect on the oxygenation index compared with use of the common mask (WMD, 43.81; 95% CI, −26.12 to 113.73). Publication bias was detected using a funnel plot assessment ([Figure 4](#fig4-0300060520903209){ref-type="fig"}).

![Effects on the oxygenation index in patients with respiratory failure in the helmet and control subgroups using a random-effects analysis, with a forest plot showing mean differences between the helmet and control groups. Squares and horizontal lines indicate the mean difference and 95% CI for each trial; the size of each square is proportional to the statistical weight of the trial in the meta-analysis. Diamonds indicate the estimated effect derived from the meta-analysis, with the centre indicating the point estimate and the left and right points indicating 95% CIs. SD, standard deviation; CI, confidence interval.](10.1177_0300060520903209-fig3){#fig3-0300060520903209}

![Funnel plot for publication bias regarding the effect of a helmet on the oxygenation index. Each point represents a separate study included in the meta-analysis. Squares indicate studies assessing the effects of a helmet compared with standard oxygen therapy. Diamonds indicate studies assessing the effects of a helmet compared with a mask. SE, standard error; MD, mean difference.](10.1177_0300060520903209-fig4){#fig4-0300060520903209}

### Helmet and PaCO~2~ outcomes {#sec11-0300060520903209}

Five studies^[@bibr8-0300060520903209],[@bibr11-0300060520903209],[@bibr15-0300060520903209],[@bibr16-0300060520903209],[@bibr19-0300060520903209]^ compared the effects of each therapy on PaCO~2~. Significant heterogeneity was present across the studies (I^2^ = 65%, P = 0.02), and a random-effects model was used for the analysis. The results showed that use of a helmet did not have significant effect on PaCO~2~ (WMD, −1.73; 95% CI, −4.21 to 0.75) when the control group received standard oxygen therapy or mask ventilation. The effect of a helmet and standard oxygen therapy on PaCO~2~ was compared in two studies.^[@bibr16-0300060520903209],[@bibr19-0300060520903209]^ The results showed that compared with standard oxygen therapy, the helmet did not have a significant effect on PaCO~2~ (WMD, −2.23; 95% CI, −5.13 to 0.66). The other three studies^[@bibr8-0300060520903209],[@bibr11-0300060520903209],[@bibr15-0300060520903209]^ compared the effect of helmet and mask ventilation on PaCO~2~. The results showed that use of a helmet did not have a significant effect on PaCO~2~ compared with the common mask (WMD, −1.31; 95% CI, −5.99 to 3.37) ([Figure 5](#fig5-0300060520903209){ref-type="fig"}). Publication bias was detected using a funnel plot assessment ([Figure 6](#fig6-0300060520903209){ref-type="fig"}).

![Effects on partial pressure of carbon dioxide (PaCO~2~) in patients with respiratory failure in the helmet and control subgroups using a random-effects analysis, with a forest plot showing mean differences between the helmet and control groups. Squares and horizontal lines indicate the mean difference and 95% CIs for each trial; the size of each square is proportional to the statistical weight of the trial in the meta-analysis. Diamonds indicate the estimated effect derived from the meta-analysis, with the centre indicating the point estimate and the left and right points indicating 95% CIs. SD, standard deviation; CI, confidence interval.](10.1177_0300060520903209-fig5){#fig5-0300060520903209}

![Funnel plot for publication bias regarding the effect of a helmet on partial pressure of carbon dioxide (PaCO~2~). Each point represents a separate study included in the meta-analysis. Squares indicate studies assessing the effects of a helmet compared with standard oxygen therapy. Diamonds indicate studies assessing the effects of a helmet compared with a mask. SE, standard error; MD, mean difference.](10.1177_0300060520903209-fig6){#fig6-0300060520903209}

### Helmet and tracheal intubation outcomes {#sec12-0300060520903209}

Ten studies^[@bibr8-0300060520903209],[@bibr11-0300060520903209][@bibr12-0300060520903209][@bibr13-0300060520903209][@bibr14-0300060520903209][@bibr15-0300060520903209][@bibr16-0300060520903209][@bibr17-0300060520903209][@bibr18-0300060520903209]--[@bibr19-0300060520903209]^ compared the effects of each therapy on the incidence of the need for tracheal intubation. No heterogeneity was present (I^2^ = 0%), and a fixed-effects model was used for the analysis. The results showed that use of a helmet significantly reduced the incidence of endotracheal intubation (RR, 0.27; 95% CI, 0.18--0.41; P \< 0.00001) when the control group received either standard oxygen therapy or mask ventilation. The incidence rate of tracheal intubation was compared between a helmet and standard oxygen therapy in four studies.^[@bibr12-0300060520903209],[@bibr16-0300060520903209],[@bibr17-0300060520903209],[@bibr19-0300060520903209]^ The results showed that use of a helmet significantly reduced the incidence of tracheal intubation (RR, 0.20; 95% CI, 0.10--0.41; P \< 0.00001). The other six studies^[@bibr8-0300060520903209],[@bibr11-0300060520903209],[@bibr13-0300060520903209][@bibr14-0300060520903209]--[@bibr15-0300060520903209],[@bibr18-0300060520903209]^ compared the effect of helmet and mask ventilation on the incidence of tracheal intubation. The results showed that use of a helmet significantly reduced the incidence of tracheal intubation compared with the common mask (RR, 0.32; 95% CI, 0.20--0.53; P \< 0.00001) ([Figure 7](#fig7-0300060520903209){ref-type="fig"}). No publication bias was detected using a funnel plot assessment ([Figure 8](#fig8-0300060520903209){ref-type="fig"}).

![Effects on intubation in patients with respiratory failure in the helmet and control subgroups using a fixed-effects analysis, with a forest plot showing the risk ratio for helmet versus control. Squares and horizontal lines indicate the risk ratio and 95% CIs for each trial; the size of each square is proportional to the statistical weight of the trial in the meta-analysis. Diamonds indicate the estimated effect derived from the meta-analysis, with the centre indicating the point estimate and the left and right points indicating 95% CIs. SD, standard deviation; CI, confidence interval.](10.1177_0300060520903209-fig7){#fig7-0300060520903209}

![Funnel plot for publication bias regarding the effect of a helmet on intubation. Each point represents a separate study included in the meta-analysis. Squares indicate studies assessing the effects of a helmet compared with standard oxygen therapy. Diamonds indicate studies assessing the effects of a helmet compared with a mask. RR, risk ratio; SE, standard error.](10.1177_0300060520903209-fig8){#fig8-0300060520903209}

### Helmet and complications outcomes {#sec13-0300060520903209}

Six studies^[@bibr8-0300060520903209],[@bibr11-0300060520903209],[@bibr14-0300060520903209],[@bibr16-0300060520903209],[@bibr17-0300060520903209],[@bibr19-0300060520903209]^ compared the effects of each therapy on the incidence of complications. No heterogeneity was present (I^2^ = 42%), and a fixed-effects model was used for the analysis. The results showed that use of a helmet did not have a significant effect on reducing complications (RR, 1.11; 95% CI, 0.70--1.74) when the control group received either standard oxygen therapy or mask ventilation. The effect of a helmet and standard oxygen therapy on the incidence of complications was compared in three studies.^[@bibr8-0300060520903209],[@bibr11-0300060520903209],[@bibr14-0300060520903209]^ The results showed that compared with standard oxygen therapy, use of a helmet did not have a significant effect on the incidence of complications (RR, 2.19; 95% CI, 0.90--5.34). The other three studies^[@bibr16-0300060520903209],[@bibr17-0300060520903209],[@bibr19-0300060520903209]^ compared the effect of helmet and mask ventilation on the incidence of complications. The results showed that use of a helmet did not have a significant effect on the incidence of complications compared with mask ventilation (RR, 0.78; 95% CI, 0.46--1.34) ([Figure 9](#fig9-0300060520903209){ref-type="fig"}). No publication bias was detected using a funnel plot assessment ([Figure 10](#fig10-0300060520903209){ref-type="fig"}).

![Effects on complications in patients with respiratory failure in the helmet and control subgroups using a fixed-effects analysis, with a forest plot showing the risk ratio for helmet versus control. Squares and horizontal lines indicate the risk ratio and 95% CIs for each trial; the size of each square is proportional to the statistical weight of the trial in the meta-analysis. Diamonds indicate the estimated effect derived from the meta-analysis, with the centre indicating the point estimate and the left and right points indicating 95% CIs. CI, confidence interval.](10.1177_0300060520903209-fig9){#fig9-0300060520903209}

![Funnel plot for publication bias regarding the effect of a helmet on complications. Each point represents a separate study included in the meta-analysis. Squares indicate studies assessing the effects of a helmet compared with standard oxygen therapy. Diamonds indicate studies assessing the effects of a helmet compared with a mask. RR, risk ratio; SE, standard error.](10.1177_0300060520903209-fig10){#fig10-0300060520903209}

### Helmet and mortality outcomes {#sec14-0300060520903209}

Eight studies^[@bibr8-0300060520903209],[@bibr11-0300060520903209],[@bibr12-0300060520903209],[@bibr14-0300060520903209][@bibr15-0300060520903209][@bibr16-0300060520903209]--[@bibr17-0300060520903209],[@bibr19-0300060520903209]^ compared the effects of each therapy on the mortality rate. No heterogeneity was present across studies (I^2^ = 0%), and a fixed-effects model was used for the analysis. The results showed that use of a helmet significantly reduced the incidence of mortality (RR, 0.56; 95% CI, 0.36--0.87; P = 0.010) when the control group received either standard oxygen therapy or mask ventilation. The effect of a helmet and standard oxygen therapy on the mortality rate was compared in four studies.^[@bibr12-0300060520903209],[@bibr16-0300060520903209],[@bibr17-0300060520903209],[@bibr19-0300060520903209]^ The results showed that compared with standard oxygen therapy, use of a helmet did not have a significant effect on the mortality rate (RR, 0.37; 95% CI, 0.12--1.12). The other four studies^[@bibr8-0300060520903209],[@bibr11-0300060520903209],[@bibr14-0300060520903209],[@bibr15-0300060520903209]^ compared the effect of helmet and mask ventilation on the mortality rate. The results showed that use of a helmet did not have a significant effect on the mortality rate compared with a common mask (RR, 0.64; 95% CI, 0.40--1.01) ([Figure 11](#fig11-0300060520903209){ref-type="fig"}). No publication bias was detected using a funnel plot assessment ([Figure 12](#fig12-0300060520903209){ref-type="fig"}).

![Effects on mortality in patients with respiratory failure in the helmet and control subgroups using a fixed-effects analysis, with a forest plot showing the risk ratio for helmet versus control. Squares and horizontal lines indicate the risk ratio and 95% CIs for each trial; the size of each square is proportional to the statistical weight of the trial in the meta-analysis. Diamonds indicate the estimated effect derived from the meta-analysis, with the centre indicating the point estimate and the left and right points indicating 95% CIs. CI, confidence interval.](10.1177_0300060520903209-fig11){#fig11-0300060520903209}

![Funnel plot for publication bias regarding the effect of a helmet on mortality. Each point represents a separate study included in the meta-analysis. Squares indicate studies assessing the effects of a helmet compared with standard oxygen therapy. Diamonds indicate studies assessing the effects of a helmet compared with a mask. RR, risk ratio; SE, standard error.](10.1177_0300060520903209-fig12){#fig12-0300060520903209}

Discussion {#sec15-0300060520903209}
==========

To date, 10 RCTs have analysed the impact and efficacy of a helmet relative to conventional oxygen therapy in critically ill patients. The present meta-analysis was performed to clarify the role of a helmet in critically ill patients with respiratory failure compared with standard oxygen therapy or a common mask based on current published data. The main findings were that compared with the control therapy, use of a helmet significantly reduced the incidence of tracheal intubation and mortality but yielded no significant benefit with respect to the oxygenation index; moreover, the helmet did not increase PaCO~2~ or complications. Clearly, the results of this meta-analysis have important clinical value. Another systematic review showed that compared with standard oxygen therapy, NIV lowered both the short-term mortality rate and the tracheal intubation rate in patients presenting with acute respiratory failure.^[@bibr20-0300060520903209]^ The present study not only compared NIV and standard oxygen therapy but also compared helmet and mask use in patients receiving NIV.

The results of the present meta-analysis show that compared with standard oxygen therapy or a mask, a helmet can reduce the incidence of tracheal intubation and mortality. Although comparatively fewer reports have focused on NIPPV with a helmet, non-human experiments have confirmed that helmet CPAP can maintain airway pressure and improve oxygenation without CO~2~ retention^[@bibr21-0300060520903209]^ while providing the following advantages: no need for man-machine synchronization, a low incidence of pressure sores, less air leakage, no restrictions on drinking water and expectoration, maintenance of warmth and humidity in the upper airway and preservation of other physiological functions, and no direct blowing of gas. Clinical studies have confirmed that helmet CPAP can relieve hypoxia in patients with community-acquired pneumonia, can improve oxygenation and haemodynamics in patients with acute cardiogenic pulmonary oedema, can reduce the rate of tracheal intubation after abdominal surgery, and is safe and effective for prophylactic application in patients with lobectomy. People with hypoxaemia after cardiac surgery may also benefit.^[@bibr12-0300060520903209],[@bibr16-0300060520903209],[@bibr19-0300060520903209],[@bibr22-0300060520903209]^ Another study confirmed that early extubation followed by immediate NIV application with a full-face mask or helmet can reduce the number of days spent on invasive ventilation without affecting the intensive care unit length of stay in highly selected patients with hypoxaemia.^[@bibr23-0300060520903209]^

The results of this study show that use of a helmet does not have a significant benefit in terms of the oxygenation index and that compared with standard oxygen therapy or a mask, the helmet does not increase PaCO~2~. As when using the common mask, employing a helmet requires the patient to have effective independent breathing, clear respiratory secretions, and haemodynamic stability. Helmet use includes CPAP and pressure support ventilation modes. Notably, although the overall evaluation results show that a helmet does not increase CO~2~ retention in patients with severe illness, some reports have indicated that helmet use significantly increases CO~2~ retention in patients because of repeated CO~2~ inhalation within the helmet.^[@bibr24-0300060520903209]^ Therefore, the initial clinical use of a helmet needs to be carefully considered, and the application of airway pressure release ventilation may be conducive to the effective discharge of CO~2~.

The results of this study showed that use of a helmet did not have a significant effect on complications. Ordinary facemask NIPPV has been widely used in clinical practice; however, few studies and reports on helmet NIV have been published. With the use of ordinary facemask NIPPV, especially with long-term noninvasive positive-pressure mechanical ventilation, ulcers or necrosis often appear at the bridge of the nose and on other facial skin, or eye irritation occurs; these complications become problematic when implementing mechanical ventilation for the treatment of clinical problems. To a certain extent, the design and use of the helmet avoid pressure on patients' facial skin, reduce general mask ventilation-related complications, and improve the condition of patients with severe NIPPV intolerance. Studies have shown that the incidence of gastric flatulence and aspiration is lower with use of a helmet than with use of an ordinary mask, and a unique hood design is conducive to patients requiring extensive oral feeding.^[@bibr25-0300060520903209],[@bibr26-0300060520903209]^ Another study confirmed that in patients with chronic obstructive pulmonary disease, neurally adjusted ventilator assist through a helmet improved comfort, performance, and patient--ventilator synchrony compared with pressure support through a face mask.^[@bibr27-0300060520903209]^ Two recent studies showed that compared with a standard helmet, a new-generation helmet is equally effective in delivering nasal CPAP and more effective in delivering nasal pressure support ventilation, with improved comfort and patient--ventilator interaction.^[@bibr5-0300060520903209],[@bibr28-0300060520903209]^ These findings clearly show that use of a helmet provides effective respiratory therapy in patients with severe respiratory failure.

This study had three main limitations. First, the study had language limitations because it only included literature reported in English. Second, the inclusion of literature examining the oxygenation index and complications and the inclusion of studies involving patients with differences in disease severity may have led to significant heterogeneity (i.e., the study population was not uniform along several dimensions).^[@bibr25-0300060520903209]^ Third, few studies were included in the analysis. Therefore, the safety of a helmet in patients with severe clinical problems requires further clinical research.

In summary, use of a helmet reduced the incidence of tracheal intubation and mortality, and compared with standard oxygen therapy, the helmet had no significant beneficial effect on the oxygenation index and did not increase the PaCO~2~ and complications. These findings suggest that the use of a helmet in critically ill patients has important clinical value.
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